YiiP is a dimeric Zn 2+ /H + antiporter from Escherichia coli belonging to the cation diffusion facilitator family. We used cryoelectron microscopy to determine a 13-Å resolution structure of a YiiP homolog from Shewanella oneidensis within a lipid bilayer in the absence of Zn 2+ . Starting from the X-ray structure in the presence of Zn 2+ , we used molecular dynamics flexible fitting to build a model consistent with our map. Comparison of the structures suggests a conformational change that involves pivoting of a transmembrane, fourhelix bundle (M1, M2, M4, and M5) relative to the M3-M6 helix pair. Although accessibility of transport sites in the X-ray model indicates that it represents an outward-facing state, our model is consistent with an inward-facing state, suggesting that the conformational change is relevant to the alternating access mechanism for transport. Molecular dynamics simulation of YiiP in a lipid environment was used to address the feasibility of this conformational change. Association of the C-terminal domains is the same in both states, and we speculate that this association is responsible for stabilizing the dimer that, in turn, may coordinate the rearrangement of the transmembrane helices.
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membrane protein | secondary transporter | zinc antiporter | FieF T ransition metal ions play either structural or functional roles for approximately half of all cellular proteins (1) . Specifically, transition metal ions, such as Cu + , Zn 2+ , Fe 2+ , and Co 2+ , serve as essential cofactors, and their relative concentrations and availability are carefully controlled to ensure that a given protein is loaded with the appropriate metal ion. Heavy metals, such as Cd 2+ , Hg 2+ , and Pb 3+ , often bind these proteins with high affinity and thus displace the physiologically relevant metal ion. To cope with the complexity of this situation, the cell uses an extensive array of pumps, transporters, and binding proteins, all of which have distinct functions in regulating the distribution of the various metal ions.
In the case of Zn
2+
, homeostasis relies on membrane transporters from a number of different protein families. Primary transport involves ATP-binding cassette transporters (e.g., ZnuB/C) and P-type pumps (e.g., ZntA, ZnuA), which directly couple ATP hydrolysis to the import and export of Zn 2+ , respectively (2) . Secondary transporters come from the family of Zrt, Irt-like proteins (3) and the Nramp broad-spectrum cation transporters (2) , both of which are implicated in Zn 2+ import. In the present study, we examined YiiP, which belongs to the cation diffusion facilitator (CDF) family and is responsible for the export of Zn 2+ (4, 5) . The CDF family also includes the bacterial homologs ZitB and CzrB, as well as eight human homologs designated Znt1-8. Znt3 is associated with loading of Zn 2+ into synaptic vesicles, and Znt8 mediates Zn 2+ accumulation by insulin-containing secretory vesicles in pancreatic β cells and thus is associated with type 2 diabetes (6) . YiiP was first identified in Escherichia coli, and early studies indicated an association with Fe 2+ transport; thus the name FieF (7 (8, 9) . YiiP was demonstrated to be dimeric both in detergent solutions and in the membrane (10) . X-ray crystallography revealed a V-shaped dimer with closely apposed C-terminal domains, but with membrane domains separated by ∼20 Å. The dimer is stabilized by four Zn 2+ ions mediating a tight interface between cytoplasmic C-terminal domains and a conserved salt bridge near the membrane surface (11, 12) . The transmembrane domain consists of six helices grouped into a bundle of four (M1, M2, M4, and M5) and a bundle of two (M3 and M6). One Zn 2+ ion is independently bound within the four-helix bundle of each monomer, tetrahedrally coordinated by three aspartates and one histidine. In the mammalian homologs, substitution of one of the aspartate residues with a second histidine eliminated their ability to transport Cd 2+ (9) , thus making them Zn 2+ -specific transporters. In the conformation adopted by this X-ray structure, the transport sites were accessible from the periplasmic side of the membrane, consistent with an outward-facing state described by the alternating access mechanism of transport (13) . FRET studies suggested a model for transport involving a scissoring of the dimer about the salt bridge, leading to Zn 2+ release from sites both in the membrane and between the C-terminal domains (12) .
We used electron crystallography as an alternative to X-ray crystallography for studying the structure of YiiP within a lipid bilayer (14) . We found that the homolog from Shewanella oneidensis formed narrow, helical crystals, which were imaged by cryoelectron microscopy (cryo-EM) and used to determine the 3D structure. Based on transport assays and on the Zn 2+ dependence of crystallization, we concluded that our structure represented the conformation with transport sites occupied by H + instead of Zn 2+ . We used molecular dynamics (MD) to fit an atomic model to our electron crystallographic density map and to compare this model with the previous structure by X-ray crystallography. This comparison suggests that the EM structure corresponds to the inward-facing state and offers mechanistic insights into the structural basis for the alternating access model of transport.
Results

2D
Crystallization. The homolog of YiiP from S. oneidensis was identified by the New York Consortium on Membrane Protein Structure as one of the Protein Structure Initiative targets to be highly expressed in E. coli and stable in detergent solution (15) . After purification using conditions defined by the New York Consortium on Membrane Protein Structure, we employed a highthroughput approach to systematically test a wide range of parameters relevant to 2D crystallization (16) , namely lipid species, lipid:protein ratio, pH, and temperature. A 96-well dialysis block was used to remove detergent from each of the conditions (17) , and the samples were negatively stained and screened robotically by EM (18) . Narrow tubular crystals formed readily in dioleoylphosphatidyl glycerol (DOPG) after ∼5 d (Fig. S1 ) over a wide range of lipid:protein ratios (0.25-1.5 by weight).
Although we screened a wide range of lipids and buffers, we were not able to obtain planar 2D crystals more suitable for analysis at high resolution. Such behavior is consistent with the idea that molecular interactions between YiiP molecules dictate the tubular morphology, and that the lipid molecules are relatively passive participants in the crystallization process. Indeed, tubular crystals were observed with other lipids used in our screen, although their abundance and order were lower than those obtained with DOPG. . Kinetic analysis of these data indicated K 0.5 values of 380 μM and 150 μM, respectively (Fig. S2) . A distinct pH dependence of transport was evident, with maximal transport at pH 7.8 and marked inhibition at higher pH, consistent with the countertransport of H + previously demonstrated with ZitB (19) .
We then studied the Zn 2+ dependence of crystallization. Although Zn 2+ was not added during the crystallization of YiiP, the existence of very-high-affinity sites (20, 21) raises the possibility that residual Zn 2+ might remain bound to the protein. Thus, we used citrate and N-(2-acetamido)iminodiacetic acid to buffer the concentration of free Zn 2+ over a wide range of concentrations (10 nM-1 mM) during crystallization trials. In addition, EDTA, which has a much higher affinity for Zn 2+ , was used to ensure the absence of free Zn 2+ in the solutions. These studies showed that YiiP produced long helical tubes when free Zn 2+ concentrations were below 10 μM, but that no tubes grew at concentrations above 100 μM (Fig. S3) . Short, poorly ordered tubes were observed at intermediate concentrations. The addition of Cd 2+ and Fe 2+ had similar effects on crystallization. Tubes also grew in the presence of 0.5 mM EDTA; however, similar to previous reports on the E. coli homolog (21), extended incubation in 5 mM EDTA led to aggregation of the protein, suggesting that binding of Zn 2+ to very-high-affinity sites may serve to stabilize the protein fold.
3D Structure of YiiP from Helical Crystals. We used two different approaches to calculate the 3D structure of YiiP from images of the helical crystals. Specifically, iterative helical real-space reconstruction (IHRSR) (22) and classical Fourier-Bessel (FB) (23) reconstruction methods were used to independently determine density maps. Comparison of the two structures provided a validation of structural features in the resulting maps and allowed us to assess the relative efficiency of the two approaches. Both methods rely on indexing the helical symmetry, which was done by comparing the positions of individual layer lines in Fourier space with the outer radius of the tube in real space (136 Å). Assignment of Bessel orders for individual layer lines (Fig. S1 ) and an approximate repeat distance along the helical axis of 3,320 Å allowed us to calculate a twist (Δφ) of 56.4°and a rise (Δz) of 17.1 Å for the fundamental helix, which is augmented with threefold rotational symmetry around the helical axis (C3 symmetry).
In addition, the phases along the layer lines provide evidence of a twofold axis lying normal to the helical axis and the resulting D3 symmetry was applied during the reconstruction. For both reconstructions, an envelope function or temperature factor correction was estimated by building an atomic model of the helical assembly based on the X-ray structure for YiiP and comparing its spherically averaged power spectrum with that derived from the experimental map. Both Fourier shell coefficients from IHRSR and twofold related phase residuals for FB reconstruction indicate a resolution of ∼13 Å (Fig. 1) . Features of the two maps were largely identical, although definition of protein density within the membrane were somewhat better for the IHRSR map (Fig. S4) .
The resulting cylindrical structure ( Fig. 1) shows discrete densities at an outer radius (∼110 Å), along with a relatively continuous cylinder of density between radii of 40 Å and 80 Å. This continuous cylinder has somewhat higher density in the radially projected profile (Fig. 1C ) and harbors distinct peaks at 43 Å and 70 Å. This profile is characteristic of helical reconstructions, with peaks likely corresponding to the phosphate head groups at the boundaries of the lipid bilayer. Indeed, the spacing of these peaks is consistent with the 27 Å thickness of the hydrocarbon core of 18-carbon, monounsaturated lipids (24) , such as the DOPG used to produce the helical crystals. juxtaposition of this structure with the map indicated that YiiP adopted a different conformation ( Fig. 2A) . Sequence comparisons between the E. coli protein used for the X-ray structure and the S. oneidensis protein used here (Fig. S5 ) indicate that they have a high degree of sequence similarity (46% identity) with conservation of all three Zn 2+ -binding sites, as well as the salt bridge that has been proposed to stabilize the dimer (12) .
As a first step in producing a structural model consistent with our map, we threaded the sequence for YiiP from S. oneidensis onto the X-ray structure of the dimer, which is from E. coli. The C-terminal domain of this starting model was docked, and the transmembrane domains were then manually manipulated to match the corresponding portion of the density map (e.g., Fig.  S4 ). The X-ray structure suggested that the transmembrane domain consisted of two relatively independent elements with limited interactions, namely the M3-M6 pair of helices and the four-helix bundle (M1-M2-M4-M5), which harbors the Zn 2+ -binding site (12) . Indeed, moving these elements within the membrane produced a much better fit for the backbones of the transmembrane helices (Fig. S4) .
As a more rigorous approach to fitting the YiiP model to our EM density map and producing an energetically plausible structure, we applied an MD-based flexible fitting (MDFF) method (25) . As suggested by our manual fitting and by the interhelical interactions seen in the X-ray structure, the four-helix bundle formed by M1, M2, M4, and M5 was kept rigid and was allowed to move independent from the M3-M6 helix pair as well as from the C-terminal domain. Both IHRSR and FB maps were used for fitting. After 1.5 ns, both simulations reached a plateau in the cross-correlation between the model and the experimental map (0.94 and 0.92, respectively). The resulting models were very similar to one another, with an rmsd of 2.4 Å for Cα atoms (Fig. S4) . Given the independence of the two fits, this value is a reasonable statistic for the reliability of the fit, which has been shown to exceed the nominal resolution of the map by as much as 10-fold (26) . In our case, our map's 13-Å resolution is sufficient to accurately position helices, but the orientation of side chains and loops are determined solely by MD simulation. Significantly, the cross-correlation coefficient was substantially lower (0.54) if the four-helix bundle was not allowed to move relative to M3-M6, supporting the existence of a conformational change relative to the X-ray structure.
Conformational Change Reflects Alternating Access Mechanism of
Transport. Comparison of the X-ray structure and the MDFF model representing the cryo-EM map suggests that this conformational change is relevant to the mechanism of YiiP transport. In particular, pivoting of the four-helix bundle relative to M3-M6, which occurs about a point near the cytoplasmic end of M2, appears to switch access of the Zn 2+ transport sites from periplasm to cytoplasm (Fig. 3) . Specifically, the X-ray structure is characterized by a cavity leading from the transmembrane Zn 2+ -binding sites to the periplasmic side of the membrane, which has been postulated to be a pathway for binding and releasing the ion (11, 12) . In our MDFF/EM model, tilting of the four-helix bundle relative to the M3-M6 pair collapsed this periplasm-facing cavity and created a new one leading from the cytoplasmic side of the membrane to the Zn 2+ -binding sites (Fig. 3) . These comparisons suggest that the X-ray and MDFF/EM structures represent the outward-facing and inward-facing conformations that typify the alternating access mechanism (13, 27) used by many secondary transporters (Fig. 4) . In addition, the transmembrane domains of the monomers diverged by ∼30°in the X-ray structure, but were substantially closer together in the cryo-EM model, producing interactions between the monomers at the periplasmic end of M3, as well as at the cytoplasmic ends of M3 and M6. It is possible that these dimeric interactions within the membrane might coordinate the conformational change of the two monomers.
We used targeted MD simulation to address the dynamics of this conformational change in an explicit DOPG-water environment. After adding Zn 2+ and equilibrating the inward-facing MDFF/EM structure in the bilayer, we applied a modest steering force to explore the energetic feasibility of making the transition to the outward-facing state. Although the MD structures equilibrated within the membrane environment differed slightly from those determined empirically by EM and X-ray (rmsd of 2 Å and 4 Å, respectively; Fig.  S6 ), a switch in the accessibility of the Zn 2+ transport sites to water molecules was consistent with the transition from inward-facing to outward-facing states. Thus, this simulation indicates the existence of at least one path for the transition between inward-facing and outward-facing states. Longer equilibration runs are needed to assess the stability of the two conformations in this lipid environment, as well as the influence of ion release and protonation.
We also examined membrane thickness to identify potential mismatches between hydrophobic regions of the protein and the membrane and to assess potential energetic effects on the conformational change. Our analysis considered both total lipids in the simulation, as well as boundary lipids defined to be within 10 Å of the protein, thus revealing a slight thinning of the membrane next to the protein by 2-3 Å (Fig. S6) . Nevertheless, the similarity of membrane thickness in both inward-facing and outward-facing states suggests that there is no significant hydrophobic mismatch that might favor one state over the other.
Discussion
The structural basis for the alternating access mechanism has been described for several secondary transporter families, which rely on internal symmetries within their protein fold (27, 28) . In the major facilitator superfamily, typified by GlpT and LacY, a rocker-switch mechanism involves two tandem repeats of a six-helix bundle pivoting about a central ligand-binding site. Transporters with the LeuT fold, such as Glt Ph and NhaA, are composed of two inverted repeats that swap conformations in order to switch the accessibility of their substrates. YiiP does not contain internal symmetry, although early work suggested that the transport sites might reside at the interface of the homodimer (20) .
The structural comparison presented here indicates that each monomer undergoes a unique conformational change to produce alternating access (Fig. 4) . Specifically, the four-helix bundle and the M3-M6 helix pair appear to pivot about the ionbinding site in a manner resembling the rocker-switch mechanism. In our MDFF/EM model, the M3-M6 pairs interact along the dimer interface, suggesting a mechanism for coupling the conformational change of twofold related molecules and offering a possible explanation for why YiiP constitutively dimerizes both in detergent and in the membrane (10).
The energy for inducing the conformational change required for alternating access has been postulated to come from the binding energy of the substrate (29) . Thus, it stands to reason that the occupancy of transport sites would influence the conformation adopted by YiiP in the two crystal forms. For the X-ray structure, Zn 2+ was included in the mother liquor and was observed to be bound at the transport sites (11), whereas the low Zn 2+ concentrations and pH required to produce the EM crystals suggest that the transport sites were either empty or occupied by protons. Thus, we can conclude that some asymmetry is built into the tertiary structure, such that the protein tends to adopt the periplasmic-facing conformation when saturated with Zn
2+
. This property would facilitate removal of Zn 2+ from the cytoplasm and would enhance coupling with the proton-motive force, consistent with the role of YiiP family members as Zn 2+ exporters (2) .
The presence of a lipid bilayer in the EM crystals may exert an additional effect on the conformation. The lateral tension, surface charge, and, in the case of our helical crystals, the close packing of YiiP dimers combined with the high curvature (Fig.  S7 ) could serve to pry open the membrane domain to produce the inward-facing conformation. However, the converse is equally plausible, that protonation of the transport site favors the inwardfacing conformation, thus inducing high curvature as the membrane forms during reconstitution. The latter explanation is consistent with our inability to relax the curvature by altering either lipid species or other components of the crystallization buffer.
Of note, the dimeric structure of the C-terminal domain is not affected by this conformational change. This dimer interface is mediated by four Zn 2+ ions, and the persistence of this dimer, together with evidence of very-high-affinity Zn 2+ binding, suggest that residual Zn 2+ still may be bound even under our crystallization conditions. Specifically, isothermal titration calorimetry indicated Zn 2+ binding with an affinity too high to be resolved by this technique (19) . Furthermore, Zn 2+ sites at the interface of C-terminal domains produced significantly higher anomalous X-ray signals than other sites, indicating higher occupancy and thus higher affinity (11) .
Finally, when we used EDTA to strip YiiP of its Zn 2+ , we found that the protein remained stable and tubes grew with moderate EDTA concentrations (0.5 mM), but that prolonged 19) , suggesting that very-high-affinity metal ion sites may be essential to protein stability. Although the conserved salt bridge at the membrane surface, dubbed the charge interlock, has been implicated in formation of the YiiP dimer (12), it seems possible that the stability of the YiiP dimer also relies on Zn
binding to the C-terminal domain. Indeed, structures of C-terminal domain constructs from the homologous CzrB lacking the charge interlock have shown that the precise geometry of the dimer can be achieved simply by binding of Zn 2+ at the interface (30) . Interestingly, Zn 2+ can be removed from these constructs, and although the apo form continues to produce dimers, these dimers adopt variable angles between monomers and demonstrate little interaction across the face of the domain (31) . This observation suggests that tethering the monomers with the charge interlock contributes to the high affinity of these Zn 2+ -binding sites in the dimer, which in turn would maintain a fixed architecture for the C-terminal domains.
An unresolved question is how Zn 2+ is delivered to the transport sites. As with Cu + , the levels of free Zn 2+ in the cytoplasm have been shown to be virtually zero (32) (33) . Intriguingly, the αββαβ fold of the C-terminal domain from YiiP is related to that of soluble Cu + metallochaperones, and an overlay of the first four elements supports the idea of structural homology. This homology raises the possibility that the C-terminal domain acts as a tethered metallochaperone that binds Zn 2+ and transfers it to the transport sites. Intriguingly, ATPdependent Cu + pumps also carry metallochaperone domains on their N termini, although evidence supports their role in regulation rather than in ion transfer (34) .
A regulatory role for the C-terminal domain of YiiP also has been proposed, with Zn 2+ causing allosteric changes in that domain that promote binding and transport by the transmembrane domain (12) . The hypothesized changes in the C-terminal domain are not supported by our EM structure, however, and the implication that Zn 2+ is bound with extremely high affinity makes it difficult to envision how these ions could be transferred to the transport sites. Instead, we favor the idea that Zn 2+ acts as a structural element that stabilizes the YiiP dimer, which in turn may facilitate or coordinate the conformational change that accompanies the alternating access mechanism (e.g., by interaction of the M3-M6 pair across the dimer axis). Clearly, more work is needed to clarify both the role of Zn 2+ binding by the Cterminal domain and the mechanism by which Zn 2+ is delivered to transport sites in a physiological environment that chelates any and all free Zn 2+ ions.
Materials and Methods
Yiip Expression, Purification, and Crystallization. YiiP (Q8E919) from S. oneidensis was expressed in a 3-L culture of E. coli, solubilized with 30 mM n-dodecyl β-D-maltoside, and purified by nickel-nitrilotriacetic acid affinity chromatography. After cleaving the deca-histidine tag with tobacco etch virus protease, the protein was further purified by size-exclusion chromatography, producing a pooled fraction with ∼6 mg in 3 mL, which was used for 2D crystallization without further concentration. For crystallization, YiiP was mixed with detergent-solubilized DOPG at a lipid:protein mass ratio of 1:1 and dialyzed against 20 mM N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (pH 7.0), 5 mM MgCl 2 , 100 mM NaCl, and 5 mM NaN 3 . Crystals started growing after 1-2 d and were generally harvested after 5-7 d. To test the effect of Zn 2+ on crystallization, citrate and N-(2-acetamido)iminodiacetic acid were used to buffer free Zn 2+ concentrations between 10 nM and 1 mM. All experimental procedures are described in more detail in SI Materials and Methods.
Reconstitution and Transport Assays. Reconstitution and stopped-flow transport assays were conducted using procedures described by Wei and Fu (8) . Purified YiiP was reconstituted in E. coli polar lipids at a protein:lipid mass ratio of 1:2,000 by dialysis against 20 mM Hepes (pH 6.5) and 50 mM K 2 SO 4 at 4°C for 4 d. Proteoliposomes were loaded with the Zn-sensitive fluorophore FluoZin-1 by freeze-thaw, and then extruded through 0.4-μm polycarbonate membranes. After removal of free FluoZin-1 with a desalting column, liposomes were mixed with solutions containing either ZnCl 2 (20 μM-8 mM) or CdCl 2 (20 μM-4 mM) using a stopped-flow apparatus coupled to a fluorimeter with excitation at 490 nm and emission at 525 nm. Protein-free liposomes were used to measure background, and fluorescence signals were normalized to those produced with 4% β-octyl-D-glucoside and either 8 mM ZnCl 2 or 4 mM CdCl 2 . Initial rates were fitted with the Hill equation, and pH dependence was measured by incubating liposomes in buffers at pH 6.5-9 overnight before the transport assays were conducted.
EM, Image Analysis, and Computational Methods. Images of frozen-hydrated crystals were recorded on film and digitized with an effective pixel size of 2.73 Å on the specimen scale. Helical symmetry was deduced by assigning Bessel orders to layer lines in the Fourier transform and by calculating corresponding values for the azimuthal rotation (Δϕ) and rise (Δz) relating one subunit to the next. IHRSR reconstruction was performed in SPARX (35) , taking into account the D3 symmetry of these helical crystals. The IHRSR cycle was iterated until the Euler angle assignments for individual segments ceased to change. FB reconstruction was performed using EMIP (http://cryoem.nysbc.org/EmIP.html), which makes use of the strategies developed by Beroukhim and Unwin (23, 36) . To determine the correct hand for the map, asymmetric units (shown in gray in Fig. 3) were extracted from maps generated with alternate handedness and compared with the X-ray structure of YiiP (Fig. S8 ). For MDFF (25) , a homology model of YiiP from S. oneidensis was built with MODELER 9v7 using the X-ray crystal structure of YiiP from E. coli (PDB ID code 3H90) as a template. An external potential was defined as ζ (1 − φ/φ Max ), where φ/φ Max is the normalized density value from the map and ζ is a scaling factor. An allatom simulation was conducted in vacuo using the CHARMM force field. In the first step, with ζ = 1, harmonic potentials of elastic constant k = 500 kcal/ (mol·Å 2 ) were applied to (i) the four-helix bundle formed by M1, M2, M4, and M5; (ii) the M3 and M6 helices at the dimeric interface; and (iii) the C-terminal cytoplasmic domain for 0.5 ns. Then the harmonic restraints were released, and an additional 1-ns fitting was performed using a scaling constant of ζ = 0.3. Targeted MD was performed in an explicit DOPG lipid bilayer solvated by TIP3P water. After a 3-ns equilibration, the C α rmsd for the transmembrane domain of the MD model relative to the X-ray structure was biased toward 0 for 1.0 ns using a harmonic force with an elastic constant of 1,500 kcal/ (mol·Å 2 ). After steering, the system was re-equilibrated without biases or restraints for an additional 3 ns.
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SI Materials and Methods
YiiP Expression and Purification. YiiP (Q8E919) from Shewanella oneidensis was expressed in Escherichia coli strain BL21-DE3 with a deca-histidine tag on the N terminus. Typically, 3 L of LB culture medium was inoculated and grown at 37°to an OD 600 of 1.0 (2-3 h). After the temperature was lowered to 20°C, 120 mg/L isopropyl β-D-1-thiogalactopyranoside was added to induce expression. After overnight growth, cells were harvested by centrifugation at 5,000 × g for 20 min and then resuspended in 25 mL of 100 mM NaCl, 20 mM Hepes (pH 7.5), and 10% glycerol (buffer A), to which half a tablet of protease inhibitor mixture, DNase, and Tris 2-carboxyethyl phosphine were added. Cells were lysed by a four passages through a cell disrupter (EmulsiFlex-C3; Avestin) at 4°C. After 30 mM n-dodecyl β-D-maltoside (DDM) was added, the broken cells were stirred for 1 h at room temperature and then centrifuged at 40,000 × g. The supernatant was loaded onto a 5-mL nickel-nitrilotriacetic acid column, preequilibrated with buffer A supplemented with 10 mM DDM and 20 mM imidazole (pH 7.5). The column was washed with 20 mL of the same buffer, and then eluted with a gradient ranging from 20 mM to 500 mM imidazole over a total volume of 70 mL. After pooling of peak fractions, the deca-histidine tag was cleaved by adding the tobacco etch virus protease at a protease: YiiP mass ratio of 1:20. The protease was then removed by passing the solution through another nickel-nitrilotriacetic acid column. The eluent was concentrated to ∼20 mg/mL and loaded onto a size-exclusion column (Superdex 200; GE Healthcare) equilibrated in 100 mM NaCl, 20 mM Hepes (pH 7.5), and 0.2% decyl-D-maltoside. The peak fraction typically included 6 mg in 3 mL, which was used for 2D crystallization without further concentration.
Reconstitution and Transport Assays. Purified YiiP at 300 μg/mL was reconstituted by adding E. coli polar lipids (Avanti Polar Lipids) at a protein:lipid mass ratio of 1:2,000 and dialyzing 1 mL against 1 L of a solution containing 20 mM Hepes (pH 6.5) and 50 mM K 2 SO 4 at 4°C. The dialysis solution was changed twice daily for 4 d. These liposomes were loaded with the Zn-sensitive fluorophore FluoZin-1 by suspending 100 μL of reconstituted liposomes in a total volume of 250 μL of dialysis buffer supplemented with 200 μM FluoZin-1. After five freeze-thaw cycles, the liposomes were extruded through 0.4-μm polycarbonate membranes (Avanti Polar Lipids) pre-equilibrated with the foregoing dialysis buffer supplemented with 200 μM FluoZin-1. After 20 passages through the membrane, liposomes were passed through a PD-10 desalting column (GE Healthcare) pre-equilibrated with the dialysis buffer to remove excess FluoZin-1.
The liposomes were introduced into a fluorimeter (Fluoromax-4; Horiba Scientific) using a stopped-flow apparatus. One syringe contained the liposome solution, and the other contained dialysis buffer supplemented with various concentrations of either ZnCl 2 (20 μM-8 mM) or CdCl 2 (20 μM-4 mM). Fluorescence was excited at 490 nm and monitored at 525 nm, with a dead time of 8 msec. To normalize the time-dependent fluorescence, a solution of 4% β-octyl-D-glucoside (OG) and 8 mM ZnCl 2 (or 4 mM CdCl 2 ) was mixed with the liposomes to determine the maximal fluorescence from each individual preparation. In addition, a protein-free preparation of liposomes was used to determine background. Thus, transport was characterized by plotting F P /F Pmax − F L /F Lmax vs. time, where F P and F L are the signals from proteoliposomes and protein-free liposomes, respectively, and F Pmax and F Lmax are the corresponding normalization signals in the presence of OG.
The initial rate was determined by fitting this curve with a sixthorder polynomial and computing the tangents at time 0. Finally, these initial rates were fitted with the Hill equation to measure K 0.5 , V max , and the Hill coefficient. pH dependence was measured by incubating liposomes in buffers at pH 6.5-9 overnight before conducting the transport assays.
2D Crystallization. Our initial high-throughput screen for 2D crystallization used the following lipids: dimyristoylphophatidylcholine, dioleoylphosphatidylcholine, palmitoyl-oleoylphosphatidyl choline, dioleoylphosphatidylethanolamine, palmitoyl-oleoylphophatidylglycerol, mixtures of dioleoylphosphatidylglycerol (DOPG) with dioleoylphosphatidylcholine (98:2) and dioleoylphosphatidylethanolamine (50:50), and an extract of E. coli polar lipids. Lipid-toprotein ratios were varied from 0.1 to 1.5, and pH ranged from 6 to 8. Temperatures of 4°C, 20°C, and 37°C were tested, and MgCl 2 was added to half of the crystallization trials. In addition to DOPG, we found that dimyristoylphophatidylcholine, dioleoylphosphatidylcholine, palmitoyl-oleoylphophatidylglycerol, palmitoyl-oleoylphosphatidyl choline, and E. coli polar extract all produced tubular crystals, but with lower abundance and order.
For cryo-EM studies, the following optimized procedure was used to produce helical crystals. A thin film of lipid, 18:1 DOPG (Avanti Polar Lipids), was prepared by evaporating a chloroform stock, which was then taken up in aqueous solution to produce a stock at 2.5 mg/mL This lipid was solubilized in DDM (2:1 mass ratio) and mixed with purified YiiP at a lipid-to-protein mass ratio of 1:1. This solution was dialyzed against a solution of 20 mM N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (pH 7.0), 5 mM MgCl 2 , 100 mM NaCl, 5 mM NaN 3 at room temperature for up to 2 wk. Various dialysis devices were used successfully, including buttons, cassettes, and 96-well dialysis blocks (1). Dialysis buffer was changed daily. Crystals started growing after 1-2 d and were generally harvested after 5-7 d.
The effect of Zn 2+ on crystallization was tested using chelators to buffer the free Zn 2+ concentration. Citrate has a pZn of 4.9, N-(2-acetamido)iminodiacetic acid has a pZn of 7.3, and EDTA has a pZn of 16.6. Using the first two buffers, crystallization was set up with free Zn 2+ concentrations between 10 nM and 1 mM. The MaxChelator program (http://maxchelator.stanford.edu) was used to determine total amounts of Zn 2+ and chelator to add for each condition, taking into account the pH and other buffer constituents.
EM and Image Analysis. Tubular crystals were flash-frozen on perforated carbon grids and images were recorded on film (Kodak SO-163) with an FEI Tecnai F20 electron microscope operated at 200 kV at 51,190× calibrated magnification and defocus between 1.5 and 3 μm. Samples were maintained at −175°C with a side-entry model 626 cryoholder (Gatan). Films were digitized at 14-μm intervals (Zeiss Photoscan), yielding a pixel size of 2.73 Å on the specimen.
Both Fourier-Bessel (FB) and iterative helical real-space reconstruction (IHRSR) methods were used for 3D map reconstruction. The graphical user interface EMIP (2) was used to determine helical symmetry parameters as follows. Layer lines were assigned Bessel orders (n) by comparing the radius at which the first peak started to rise (R) with the outermost radius of the tubular crystal in the real-space projection (r) according to the equation 2πRr = 1.1n + 0.9. After these Bessel orders were assigned, the corresponding azimuthal rotation (Δϕ) and rise (Δz) relating one subunit to the next were calculated from the selection rule describing the positions of all of the layer lines: l = um + tn (2) . IHRSR reconstruction was performed in SPARX (3), taking into account the D3 symmetry of these helical crystals. The initial model was generated by applying the symmetry (Δϕ and Δz) to noise; the size of the windowed segments was 200 × 200 pixels.
The IHRSR cycle was iterated until the Euler angle assignments for individual segments ceased to change. FB reconstruction was performed according to the strategies developed by Beroukhim and Unwin as implemented in EMIP (2, 4) . For IHRSR, the contrast transfer function was corrected throughout the reconstruction cycle (3) whereas for FB reconstruction, alignments were conducted with low resolution data within the first contrast transfer function maximum, and correction was done after all of the layer line data were averaged (4).
Once reconstruction was complete, the maps were filtered to correct for the envelope function. This filter was obtained by dividing the rotationally averaged power spectrum from an atomic model of the helical crystal, based on the published X-ray structure for YiiP (PDB ID code 3H90), with the rotationally averaged power spectrum from the reconstruction. In addition, a low-pass filter was applied using the hyperbolic tangent (filt_ tanl) function of SPARX, with stop-band and fall-off frequencies of 14 Å -1 and 12 Å -1 , respectively.
Docking. To isolate a single dimer from the maps produced both by IHRSR and FB reconstruction, a mask was manually created using IMOD, and the densities were cropped using the imodmop command (5) . An initial homology model of YiiP from S. oneidensis was built with MODELER 9v7 using the X-ray crystal structure of YiiP from E. coli (PDB ID code 3H90) as a template. This model included nine residues at the N terminus and four residues at the C terminus that were not present in the X-ray structure. For both manual and molecular dynamics (MD)-based flexible fitting (MDFF), initial configurations were obtained by manually placing the symmetry axis of the homology model onto the symmetry axis of the electron density map and aligning the protein C-terminal domains to the corresponding densities (e.g., Fig. 2A ). For manual fitting, the transmembrane domains were then manipulated to fit the corresponding densities within the membrane. During this process, the conserved salt bridge between Lys77 and Asp207 at the surface of the membrane was used as a hinge, and the four-helix M1-M2-M4-M5 bundle was moved independent from the M3-M6 pair.
Computational Methods. For MDFF (6) , an external potential was defined as ζ (1 − φ/φ Max ), where φ/φ Max is the normalized density value from the map and ζ is a scaling factor set to 1.0. An allatom simulation was then conducted using the CHARMM force field. Following standard settings for in vacuo simulations, a dielectric constant of 80 was used, and the long-range van der Waals and Coulomb forces were cut off at a distance of 10 Å with a switching function. Langevin equations at 300 K and with a friction coefficient of 5 ps −1 were integrated with a time step of 1 fs. In the first step of MDFF, harmonic potentials of elastic constant k = 500 kcal/(mol·Å 2 ) were applied to (i) the four-helix bundle formed by M1, M2, M4, and M5 (residues 12-32, 42-65, 119-142, and 147-165, respectively); (ii) the M3 and M6 helices at the dimeric interface (residues 78-108 and 179-211, respectively); and (iii) the C-terminal cytoplasmic domain (residues 212-297). These constraints were applied during an initial 0.5-ns fitting and allowed these three regions to move in a concerted manner with respect to one another. Secondary structure restraints on the backbone φ and ψ dihedral angles, as well as the hydrogen bonds, the cis/trans configuration of the peptide bonds, and the stereochemical centers were defined using VMD (7) . Thereafter, the harmonic restraints were released, and an additional 1-ns fitting was performed using a scaling constant of ζ = 0.3.
We then used MD to investigate the conformations of Yiip observed by EM and by X-ray in an explicit DOPG-water environment with zinc ions placed at positions observed in the X-ray crystal structure. Specifically, the protein systems were embedded in a pre-equilibrated explicit DOPG membrane and K + counter ions were added to neutralize the systems' charge. The protein and lipids were described using the Charmm 27 (8) and Charmm 36 force fields (9), respectively (Fig. S8) .
Finally, we simulated the conformational transition from the EM-based model to the crystallographic one using targeted MD within an explicit DOPG membrane. The order parameter was defined as the rmsd of C α atoms in transmembrane helices relative to the X-ray structure. Our targeted MD scheme started with the EM-based MDFF model and, after unbiased equilibration in the lipid environment for 3 ns, reduced the rmsd to 0 for 1 ns, using an elastic force of 1,500 kcal/(mol Å 2 ). This structure was then subjected to an additional 3 ns of unbiased MD.
For comparison, the X-ray-derived outward-facing model was also equilibrated, first with restraints on the protein for 0.5 ns and then without restraints for 3 ns (Fig. S8) . The thickness of the membrane was estimated by averaging the z positions of the phosphate groups from the upper and lower leaflets and calculating the difference. This analysis was performed both for the total lipid used in the simulation and for the boundary lipid molecules within 10 Å of the protein (Fig. S8E) . The membrane trajectory was read in R using the bio3d library (10) , and the coordinates were processed in R to obtain the values. All simulations were performed with NAMD 2.9 (11). . Sequence alignment of the Yiip homolog from S. oneidensis with that from E. coli. The alignment was done with ClustalW2. Helices are labeled M1-M6 for the transmembrane region and H1 and H2 for the C-terminal domain, whereas the β-strands are labeled S1-S3. Overall, the sequences are 46% identical (stars), 20.5% strongly similar (colons), and ∼10% weakly similar (dots), leaving <24% nonconserved. Zn 2+ binding sites (bold red residues), are all conserved, as are Asp207 and Lys77 (bold blue residues), which form the conserved salt bridge at the cytoplasmic surface of the membrane. The first seven and last nine residues of the E. coli sequence are not visible in the X-ray structure. . Determination of hand for the reconstruction. We chose one of two possible hands for the helical reconstruction by comparing the X-ray structure for YiiP (PDB ID code 3H90) with the asymmetric unit from the map. The indexing (e.g., −6,3) refers to the Bessel orders of the (1,0) and (0,1) layer lines, as shown in Fig. 1 . Indexing of the opposite hand is achieved by simply inverting these Bessel orders. Once the C-terminal domain was placed into the corresponding density, the geometry of the transmembrane domains matched the (−6,3) indexing scheme most closely.
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